We take a few steps towards constructing a string-inspired nonlocal extension of the Standard Model. We start by illustrating how quantum loop calculations can be performed in nonlocal scalar field theory. In particular, we show the potential to address the hierarchy problem in the nonlocal framework. Next, we construct a nonlocal abelian gauge model and derive modifications of the gauge interaction vertex and field propagators. We apply the modifications to a toy version of the nonlocal Standard Model and investigate collider phenomenology. We find the lower bound on the scale of non-locality from the 8 TeV LHC data to be 2.5 − 3 TeV 1 tbiswas@loyno.edu 2 okadan@ua.edu
Introduction
Strings, by their very definition, are nonlocal objects: even classically they do not interact with each other at a specific spatial point, but rather over a region in space. Not surprisingly, non-local structures are a recurrent theme in stringy theories/models. For instance, this is the case in string field theory (SFT) [1, 2, 3] and various toy models of string theory such as p-adic strings [4, 5, 6, 7] , zeta strings [8] , and strings quantized on a random lattice [9, 10, 11, 12] . More general non-local theories that do not respect Lorentz symmetry arise in noncommutative field theories [13, 14] , field theories with a minimal length scale [15] (such as doubly special relativity), fluid dynamics and quantum algebras [16] . Many theorists have used these theories to probe different stringy phenomena such as tachyon dynamics [17, 18, 19] , excitations on branes [20] , Regge behavior [21] , stringy solitons [19, 22, 23] , and stringy thermodynamics [24, 25, 26, 27] . In particular, by applying finite temperature field theory techniques several remarkable results were obtained. The p-adic partition function, at least at the 2-loop level, exhibited thermal duality [24] : Z(T ) ∼ Z(M 2 /4πT ), which was expected from stringy arguments [28] , but had not been explicitly demonstrated beforehand. The partition function also reproduced known features of the so called "Hagedorn Phase" [29, 30] , and provided new insights. The investigations in [21, 24, 25, 27 ] also led to the formulation of computational algorithms to deal with quantum loops and provided a better understanding of the quantum structures in these non-local theories. In particular, it is clear that one can treat these theories as field theoretic alternatives to the standard local field theory models. Inspired by stringy nonlocal physics in this paper we adopt a phenomenological approach and take a few steps towards building a nonlocal extension of the Standard Model, and also investigate potential signatures of these theories at the Large Hadron Collider or LHC.
Apart from the fact that the nonlocal modifications in the form of an exponential damping of the propagators are inspired by string theory, arguably the strongest candidate for a unified theory of gravity and particle physics, these theories have several attractive features. Unlike most other higher derivative theories, the nonlocal higher derivative models are expected to be free from ghosts, at least at the perturbative level, and are also thought to have a well-posed initial value problem [19, 31, 32, 33, 34, 35] . What makes them particularly exciting is that the propagator in these nonlocal theories are exponentially damped at high momentum often making all the scattering amplitudes finite. Thus these theories are strong candidates for a truly UV-complete field theory. The exponential damping can be interpreted as a smooth Lorentz-invariant way of incorporating the fact that at the smallest distance scales one does not expect a space-time continuum. Therefore arbitrary small spatiotemporal fluctuations are "unphysical" and needs to be eliminated. The traditional approach is via regularization/renormalization. In contrast, in nonlocal theories the mass scale, M, associated with the exponential damping of the propagator behaves like a physical parameter (in String theory it would be related to the string tension) eliminating smaller than M −1 length scale fluctuations. This leads to small differences in the scattering cross-sections between the the local field theories and their nonlocal counterparts. We would like to point out that even if these theories do not end up describing the interactions at the most fundamental level, they could still be "effectively" capturing dynamics of the more fundamental theory up to a certain scale. Previously, the nonlocalization in such theories was also studied as a regularization scheme [36, 37, 38] and was found to have some distinct advantages over some of the more traditional schemes such as dimensional regularization, ζ-function regularization and Pauli-Villars method.
Another motivation to studying such nonlocal effects in SM comes from trying to solve the "hierarchy" problem. Just as a supersymmetry breaking scale, M susy = O(TeV) can keep the mass of the Higgs stay small by ensuring the bosonic and fermionic loop contributions cancel beyond M susy , the exponential suppression of all spatial fluctuations shorter than M −1 in the nonlocal models can produce the same result if M = O(TeV). This provides us with an additional motivation to study scenarios where M = O(TeV) as opposed to M = O(10 15 GeV) where one typically expects stringy corrections to appear 3 .
In this paper our first goal is to construct a nonlocal version of the abelian sector of the Standard Model taking care to preserve gauge invariance. Next we will compute the differences in cross sections between the Nonlocal Standard Model (NLSM) and SM at high energy colliders and potential signatures of these models that may be visible in the next LHC run. We would like to mention that a somewhat different nonlocal version of gauge theories was first studied in [39] involving nonlocal fields with nonlocal gauge transformation rules where, in particular, the potential for nonlocal theories to address the hierarchy problem was discussed. The theory was further developed as an alternative to the Higgs mechanism [40] . In contrast, our model preserves the traditional local gauge invariance, and only changes the UV interactions, not the particle content of the SM. Similar string-inspired nonlocal interactions was also studied before in [41] , but the modifications were introduced in a somewhat ad-hoc fashion rather than deriving it from an action as we will in this paper.
Our paper is organized as follows: In section 2, with the purpose of illustration we introduce the string-inspired nonlocal modification in a scalar toy model. We discuss the renormalization prescription in these theories and show how it leads to small differences from the usual field theoretic results in scattering cross sections. Next in section 3, we construct a nonlocal version of the abelian sector of the SM which preserves gauge invariance. We also obtain the Feynman rules for this model. In section 4, we compute some of the cross sections in NLSM that is relevant to high energy collider experiments. We obtain lower bounds on the parameters of NLSM from the current experimental data. In section 5, we summarize our results and discuss future directions.
Nonlocal Scalar Field Theory

Action
Canonical examples of nonlocal actions that appear in string literature can be written as 1) in the "+ − −−" metric signature convention that we will employ throughout this manuscript. The kinetic operator K( ) contains an infinite series of higher derivative terms. For instance, K( ) = −e /M 2 for stringy toy models based on p-adic numbers [4, 5, 6] or random lattices [9, 10, 11, 12, 21] , and
in String Field theory [1, 2, 3] (for a review see [42] ), where m 2 (< 0) and M 2 (> 0) are proportional to the string tension. Here we are going to take a phenomenological approach and investigate particle physics implications if M = O(TeV). As mentioned in the introduction, the first motivation comes from the fact that although these theories contain higher derivatives, they do not contain ghosts (at least perturbatively) and are able to retain the improved UV behavior expected in higher derivative theories. To see this explicitly, one can consider a fourth order scalar theory with K( ) = − (1 + m 2 ). The corresponding propagator reads
From the pole structure of the propagator it is clear that the theory contains two physical states, but unfortunately the massive state has the "wrong" sign for the residue indicating that it is a ghost. Once interactions are included, it makes the classical theory unstable, and the quantum theory non-unitary. The stringy kinetic modifications, on the other hand, combine to be an exponential which is an entire function without any zeroes. In other words, it does not introduce any new states, ghosts or otherwise, and only ameliorates the UV behavior with an exponential suppression.
The second motivation, as was also alluded to in the introduction, has to do with the fact that in these nonlocal theories corrections to the mass of a scalar field typically goes as ∼ M 2 . Therefore, such modifications provide a way to ameliorate the hierarchy problem if M = O(TeV). To see this explicitly, let us start with a simple nonlocal λφ 4 theory of scalar fields:
Here the normalization of φ is so chosen that the residue at the p 2 = m 2 pole is unity. In Eucleadian space (p 0 → ip 0 ) the propagator is given by
while the vertex factor is, as usual, given by −iλ.
Two point function & the hierarchy problem
To understand how the quantum loop computations work, let us first compute the one loop 2-pt function with zero external momentum. We have small corrections to their local counterparts. Let us start with the one loop four point function, Γ 4 for zero external momenta. This is given by
Again, one can compute it exactly:
Γ 4 is indeed finite and is essentially the 1-loop contribution to the effective potential at the quartic level. One observes that Γ 4 diverges mildly (similar to a logarithm) as m/M → 0. This is again to be expected from the local field theory results. A few important points however emerge: First, the UV and IR divergences are tied together, the IR divergence is expected as m → 0, while the UV divergence corresponds to M → ∞, we now have a single divergent combination. Second, it is clear that since the dependence on our "cut-off" scale is mild, it will provide different predictions for the scattering amplitude (as compared to usual renormalization) but the corrections are going to be small.
Let us next look at the scattering amplitude when say two particles with momenta p 1 and p 2 scatter. The s-channel loop integral is given by
(2.14)
where P = p 1 + p 2 . There is no analytical expression for the above, but one way to make progress is to introduce Schwinger parameters and rewrite the above integral as
(2.15) We therefore need to just perform some gaussian integrals. In a straight forward way one finds
Here s = −P 2 is the usual (Minkowski) Mandelstam variable.
The main point here is that the scattering cross-section depends on three parameters m 2 , M 2 , λ as opposed to only two parameters in the local field theory, m 2 r , λ r , the r referring to renormalized quantities. This means that in general we will have a different result as compared to conventional renormalization. However, the dependence on M 2 is weak, and that is why one reproduces the local field theory results in the large M limit. At this point it is also worth pointing out that interactions that are traditionally considered non-renormalizable produce finite loops once the propagators are made nonlocal. For instance, loops for a φ 6 /M 2 6 interaction are finite, and also give rise to a valid perturbative loop expansion as long as M M 6 , see [21, 25] for similar calculations in the context of p-adic strings. This suggests that "nonlocalization" may be a way to eliminate quantum divergences in nonrenormalizable theories which may have profound implications for fundamental physics such as gravity, see [43, 44, 45, 39, 46, 47, 48, 49] for efforts in this direction.
QFT vs. NLFT
We want to compare the results in a theory where M is a physical parameter versus the usual renormalization prescription where M effectively behaves as a regulator.
To see this, let us first write down the complete 2-particle scattering amplitude. At the 1-loop level, this is a sum of three diagrams, the s, the t and the u channel.The amplitude thus reads
Changing the integration variable from ξ → M 2 ξ, we have
where m ≡ m/M.
While no analytic solution to the above exist, we can come up with an upper bound for the above integral as follows:
Let us evaluate the integral
where
Since E 2−n (m 2 ) diverges as m → 0, only for n = 0, 1, it is clear that all the n > 1 terms are finite. The first two terms in (2.20) are indeed divergent, but they can be absorbed "within" a physical quantity. To see this let us define
23) Expanding the exponential we find that the first two terms diverge:
However, this is precisely the divergence that one finds in the first two terms in the expression for the scattering amplitude
by virtue of the identity s + t + u = 4m 2 . It is therefore clear that one can rewrite the scattering amplitude as
This means that for large values of M the M is not going to grow with M, which would have made these theories untenable phenomenologically, but rather the corrections are going to be suppressed with M. This ensures that we will only get small nonlocal corrections to the usual field theory results.
So how are the renormalizable theories different from what we are proposing? In the standard renormalization prescription M (or any other regulator for that matter) is not a physical parameter but only used to keep track of the infinities. Thus, once the inifinities are absorbed within the physical quantities, one takes appropriate limits of the regulators, M → ∞ in this case, to obtain results which no longer depend on the regulators. In contrast, if M is a physical parameter, then the non-divergent pieces retains it's dependence on the regulator, M. If M is much too large as compared to the other mass scales involved (m, s, t, u), then the difference between the "physical" and "traditional" approach to renomalization will be negligible. However, if for instance, M = O(TeV), then we will start observing deviations between the two approaches in the current/future collider experiments.
To see this most explicitly, let us look at the n = 2 terms. We have
Clearly, all the terms are finite when m → 0. According to the usual renormalization prescription, one takes the limit M → ∞ or m → 0. This would give us
In our approach, however, we will have corrections:
(2.29) Thus we see that while the nonlocal corrections to local field theory amplitudes are expected to be small, nevertheless they may be detectable! 3 Nonlocal Abelian Gauge Theory
Pure Gauge
Standard Model, of course, is a gauge theory and our first task in constructing a nonlocal version of SM is, therefore, to "nonlocalize" gauge theories. In [40] this was achieved by advocating a nonlocal gauge transformation. Here we are going to pursue a more direct approach which is more analogous to the way one introduces nonlocality in the scalar field action. While our procedure can be extended to nonabelian gauge theories, that is technically much more challenging to implement as compared to the abelian gauge theories. Accordingly, in this paper we are going to limit ourselves to the latter.
For abelian theories, since the field strength, 30) itself is gauge invariant, the implementation of the nonlocal modification is rather straightforward. The action,
is trivially gauge invariant. As usual, we need to supplement this with a gauge fixing procedure. As in the standard QED, one can introduce a gauge fixing function, 32) in the path integral
Only now we have to choose a higher derivative gauge fixing function of the form
This procedure was, in fact, outlined previously in [50] while discussing higher derivative gravity theories. The main point is that since the gauge transformed field,
is only linear in α, it's derivative with respect to α is a constant. Thus, as in usual QED, the determinant in our nonlocal theory is a also constant and can be taken out of the path integral: , we obtain
Now noting that the same procedure holds for a general class of gauge fixing function 38) and then integrating over ω(x) using a gaussian weight we obtain the gauge fixed path integral as
The first three terms cancel out while calculating any scattering process when properly normalized, and therefore, we have effectively a new gauge fixed action given by
Appropriate integration by parts lead us to the more convenient form
At this point, it becomes appropriate to choose g( ) = e
g with the result that the QED propagator only gets a nonlocal modification:
in the Feynman gauge ξ = 1.
Including Fermions
Our next step towards constructing a nonlocal SM is to include fermions in the story. The most straight forward way to introduce the effect of nonlocality in the fermionic action would be to just add the nonlocal higher derivative terms in the free part of the action, as with the scalars:
where i represents the different fermion species 5 .
Unfortunately, the above nonlocal action is not gauge invariant. Thus, we have to work with the covariant derivatives:
We can now nonlocalize the fermionic action while preserving gauge invariance:
where S ψ contains the free part of the action independent of the gauge fields, while S ψA contains interaction terms involving the gauge and the fermionic fields. Let us point out that the first term in the action is not real because the covariant d'Alembertian is non-hermitian, and thus one has to include the hermitian conjugate terms separately. The main complication with the above action arises when one tries to expand the exponential operator and the derivatives can chose to act on A µ or not with various permutations and combinations possible. Fortunately, one can still rely on perturbative expansions in the fine structure constant, and therefore as a first approximation we can only keep terms that are linear in A µ .
Thus we have
Let us start with
Thus putting everything together we have
f / ∇ψ i +h.c.
(3.47)
Feynman Rules
The propagator for the fermions are easy to obtain, they are just the usual ones modulated by the nonlocal factor:
For the interaction term the relevant action is
(3.49) At this point it is useful to keep track of the hermitian conjugates. Let us start with the last term first:
The corresponding Feynman vertex function reads
Next, let us look at the vertex factor coming from the first term:
where q µ is the photon momentum.
One can now re-sum both the summations:
to obtain
The corresponding hermitian conjugate term reads
leading to an overall symmetrization with respect to k 1 , k 2 . The final vertex function reads
In the k 1 , k 2 ≪ M f limit, the first term vanishes as it is O(k 2 /M 2 f ), and the second term reduces to the usual expression of the QED vertex, as expected.
Collider Phenomenology of the Nonlocal Standard Model
In the previous sections, we have developed the formalism of nonlocal (abelian) gauge theories. For the completion of the program, we need further developments of the formalism to implement non-abelian gauge theories and the Higgs mechanism. We leave it for future work, but in this section, we discuss potential phenomenological consequences, once the non-locality is implemented in the Standard Model, in particular, possible signatures of the NLSM at high energy collider experiments.
Let us consider a simple process of 2 by 2 fermion annihilation/creation, ff → f ′f ′ , mediated by photon and Z-boson in the s-channel. For a toy version of the NLSM, we apply the modification found in the previous section to the vertices and propagators for photon and Z-boson. In a high energy process where fermion masses are approximately taken to be zero, the gauge interaction vertex given by (3.55) for a tree-level process remains the same as the Standard Model since the fermion momenta are always on-shell and therefore k
The photon propagator, however, is modified to have an extra suppression factor exp[−s/M 2 ], as shown in (3.42) . In our toy model approach, we adopt the suppression factor to both photon and Z-boson propagators with a common nonlocal scale M. As a result, the corresponding scattering cross section in the nonlocal (toy) Standard Model is given by
where σ SM is the Standard Model cross section. The effect of non-locality is encoded in this "form factor" e −s/M 2 . 6 For the readers convenience, we list formulas used in the calculation of σ SM in the Appendix.
In the following analysis, we make our discussion general and also consider a form factor e +s/M 2 with the opposite sign for M 2 . We have investigated quantum corrections in nonlocal scalar field theory in Sec. 2, where loop integrals lead to the exponential-integral function Ei(−m 2 /M 2 ). This function is finite for m 2 /M 2 > 0 and mildly diverges for m 2 /M 2 → 0. In general, we can change the sign, M 2 → −M 2 . Clearly, in this case, integrand grows exponentially toward high energy, and we need to regularize the loop integral. However, note that the loop integral leads to Ei(m 2 /M 2 ) and this function is also finite with a mild divergence for m 2 /M 2 → 0, when we take the the Cauchy Principal Value. Hence, as long as we follow the Cauchy Principal Value prescription (which we regard as part of the regularization scheme), quantum corrections are controlled by the nonlocal scale M, and the effect of non-locality can be revealed in high energy collider experiments through the form factor e +s/M 2 .
We first derive a lower bound on the nonlocal scale M by the results of the LEP experiments. The cross section of the process e + e − →(q = u, d, c, s, b) is very precisely measured at the LEP experiments with √ s = 189 GeV. We refer to the results by the OPAL collaboration [52] , where the measured cross section is consistent with the Standard Model prediction within a 1.35% error. Since the nonlocal effect must be within this error, we find for the form factor e +s/M 2 . These lower bounds will be increased (or the effect of the non-locality can be discovered) at future collider experiments. For example, we show in Fig. 1 We can also investigate the LHC phenomenology, and consider the Drell-Yan process pp → Z/γ * → e + e − + X. The cross section of this process at the parton level,→ Z/γ * → e + e − (q = u, d, s), is enhanced/suppressed by the factor e 
where E CMS is the collider energy, M ee is the invariant mass of the final state e + e − , and f q denotes the parton distribution function of a quark q with the factorizations scale Q. Employing CTEQ5M [54] for the parton distribution functions with Q = M ee , we calculate the differential cross section for E CMS = 8 TeV. Then, we define the deviation from the Standard Model prediction as
At the LHC with √ s = 8 TeV, the differential cross section for the e + e − production process has been measured by the ATLAS experiment. The data with a total integrated luminosity of 21.7/fb have been analyzed, and the results are found to be consistent with the Standard Model expectations [55] . The uncertainties of the measurement for various M ee values are listed in Table A .12 of Ref. [55] . To find the LHC bound on the nonlocal scale M, we refer the results by the ATLAS experiments and require the deviation from the Standard Model predictions by the non-locality to be within the uncertainties. Our results for various values of M are shown in Fig. 2 along with the measurement uncertainties (shaded in yellow). The dashed lines in the positive region correspond to M = 1.5, 2, 2.5 and 3 TeV, respectively, from top, for the form factor e +s/M 2 . The ATLAS results set the lower bound on M 3 TeV. The dashed lines in the negative region correspond to M = 1.5, 2, 2.5 and 3 TeV, respectively, from bottom, for the form factor e −s/M 2 . In this case, we find the lower bound on M [55] , are depicted as the shaded region (in yellow). The sign of the deviations corresponds to the form factor e ±s/M 2 . The dashed lines corresponds to M = 1.5, 2, 2.5 and 3 TeV, respectively, from top in the positive region, while from bottom in the negative region.
Concluding Remarks
In this paper we have taken the first few steps towards constructing a Nonlocal Standard Model where the nonlocality resides in the form of an infinite series of higher derivative terms that do not introduce any new degrees of freedom but exponentially damps UV fluctuations. The modifications are similar to what arises in non-commutative geometry, but they preserve Lorentz invariance, unlike noncommutative field theories. Our considerations were inspired by String theory where such nonlocal operators appear rather frequently such as in String Field theory and p-adic string theories. Now, typically one expect stringy nonlocalities to show up at much larger scales, but there are models where the string scale is O(TeV) and within reach of the collider experiments. A particularly nice feature of the nonlocal models is to be able to suppress quantum corrections to the mass of the scalar field beyond the scale of nonlocality. This gives us a special incentive to consider a low scale of nonlocality ∼ O(TeV) as that would then resolve the hierarchy problem. In this respect the NLSM can be considered as an alternative to the supersymmetric extensions of SM.
Specifically, in this paper we first discussed a nonlocal scalar field theory model. We were able to demonstrate (i) the finiteness of quantum loops in these theories, (ii) the fact that we recover local field theories when the (mass) scale of nonlocality is taken to infinity, (iii) that there appears small corrections in the scattering crosssections as compared to the local field theory results, and finally (iv) that the corrections to the scalar masses indeed grow linearly with the mass scale of nonlocality and therefore one indeed has the potential to address the hierarchy problem within the nonlocal framework.
Next, we implemented nonlocal physics in abelian gauge theories involving massless fermions. We were able to obtain the appropriate Feynman rules for the vertices and propagators in these theories. In particular, for tree-level processes involving onshell massless fermions, there were no nonlocal corrections to the vertex but the propagators received an exponential suppression. We then estimated how the modifications impacts collider phenomenlogy involving two fermion annihilation/creation processes. The LEP data on e + e − →scattering and the current LHC data on→ e + e − gave us bounds on the scale of nonlocality to be around ∼ 1.5 TeV and ∼ 3 TeV respectively. We also estimated that with future data coming from the 14 TeV LHC run or a possible ILC run will allow us to probe deviations from SM up to a nonlocality scale of around 10 TeV.
Our construction of the NLSM is however incomplete. For instance, there is no reason to assume that only the abelian sector is nonlocal, in fact, the photon is really a linear combination of the unbroken SU(2) and U(1) gauge fields. Thus it is imperative to be able to generalize the nonlocal interaction to non-abelian gauge theories and implement the Higgs mechanism. One would also like to study how 1-loop processes play out in nonlocal theories. A first step towards this would be to study the U(1) × U(1) → U(1) symmetry breaking with Higgs field. Although this is only a toy model, such investigations should enable one to understand how nonlocal physics impacts Higgs phenomenology. In particular one can study the Higgs-di-photon coupling mediated by the top-quark loop; although it's early days, LHC has provided tantalizing evidence of slight deviations of the di-photon decay rate from the SM predictions. Eventually the goal will be to construct a fully nonlocal version of SM including the non-abelian gauge sector and revisit the cross section calculations incorporating W ± , Z mediated Feynman diagrams. In brief, given the current developments in collider experiments nonlocal Standard Models provides an exciting opportunity to explore and test new physics beyond the Standard Model which can have fundamental implications in terms of our understanding of quantum field theories.
A Helicity amplitudes
Here we provide formulas useful for calculations of the Standard Model cross section, σ SM (ff → f ′f ′ ). We begin with a general formula interaction between a massive gauge boson (A µ ) with mass m A and a pair of the SM fermions, where e is the QED coupling, and θ W is the weak mixing angle. In this paper, we have used the Z-boson mass (m Z = 91.2 GeV) and its total decay width Γ Z = 2. with the QED coupling, e 2 /(4π) = 1/128.
